Abstract Despite many studies on floodplain vegetation, there is limited quantitative understanding of the role of vegetation in surface water (SW) and groundwater (GW) interactions through processes such as evapotranspiration. Moreover, most of the investigations that have been undertaken on SW-GW interactions consider 1D or 2D model set-ups. In addition, most of the modelling studies in this research area have only included water but not solute transport. This paper presents the results of a study on the potential impacts of vegetation cover on the interaction of a river and a saline semi-arid floodplain aquifer using a 3D physically-based fully integrated numerical model. In this regard the following three scenarios were defined: current vegetation cover (calibration model), deep-rooted vegetation cover and shallow-rooted vegetation cover. Clark's Floodplain, located on the Lower Murray River in South Australia was selected as the study site. The results show that deep-rooted vegetation cover may maintain relatively deeper groundwater levels and a less saline floodplain aquifer. Also, it is shown that in the shallow-rooted scenario, most of the ET component belongs to the evaporation process due to shallower groundwater. On the other hand, the deep-rooted model includes groundwater uptake largely via a transpiration process, and consequently keeps the groundwater levels below the evaporation depth. Overall, in semi-arid areas, the vegetation cover type can have significant impacts on the flow and solute interaction dynamics of a river and a floodplain aquifer due to the influence of ET as a dominant hydrological driver.
Introduction
The interaction between surface water (SW) and groundwater (GW) is strongly controlled by the relative heads and these can vary significantly over a period of time (Rosenberry and Winter 1997) . For instance, changes in SW-GW interactions will occur when there are modifications to the native vegetation due to dry-land agriculture, irrigation, forestry, urban development (Allison et al. 1990 ; Doble et al. 2006) . For instance, the processes leading to floodplain salinization after the clearance of native vegetation for agricultural practices is shown in Fig. 1 . Trees, particularly those with deep roots, behave like groundwater pumps, and play a key role in the catchment water balance (Banks et al. 2011; Butler et al. 2007; Loheide et al. 2005) . On the other hand, evapotranspiration (ET) may create an unsaturated storage zone for salt in some areas of the floodplain, particularly where deep rooted vegetation types exist, or for certain times or seasons of the year. During overbank flow and/or extreme rainfall events, these unsaturated zones containing the stored salt can become saturated, which may cause salt leaching and groundwater salinization. This shows the importance of ET on the dynamics of flow and solute in a river-floodplain interaction in arid/semi-arid areas. Evans (2011) concluded that groundwater under a floodplain is often more saline than the regional (input) groundwater. This infers that there is a salt concentration process operating under the floodplain. Holland et al. (2009) showed that salinization associated with groundwater discharge via ET is the principal process influencing floodplain vegetation health, particularly in arid and semi-arid regions. For instance, in the Lower Murray River in South Australia, there are natural inflows of saline regional groundwater to the floodplains. The raised groundwater level beneath the floodplain has led to increased rates of groundwater evapotranspiration. Because the groundwater is naturally saline, the increased ET results in floodplain salinization, which consequently affects the health of floodplain vegetation. In fact, groundwater flow into the floodplain is discharged mainly as ET when the water table is within the evapotranspiration extinction depth ). Doble et al. (2006) demonstrated that long-term patterns of net groundwater discharge are dependent on vegetation distribution, elevation, soil type and river geometry. Bornman et al. (2004) showed that the distribution and health of vegetation in a floodplain depends on the depth to the water table and the salinity of the groundwater. Also, anthropogenic changes to flooding regimes in highly variable arid catchments have a critical effect on floodplain vegetation (Alexander and Dunton 2006; Capon 2005; Mensforth and Walker 1996) . Indeed, the total exchange flux between a river and the adjacent floodplain aquifer includes the following components: (1) natural exchange flux due to river stage fluctuations; (2) exchange flux due to groundwater extraction/injection; (3) exchange flux due to a change in recharge rates (e.g., change in landuse); and (4) exchange flux due to changes in ET patterns. It seems that ET is a significant mechanism in shallow aquifers, particularly in arid and semi-arid regions where overbank flows and rainfall recharge are unlikely to occur (Rassam 2002; Rassam 2011) .
Despite long-term studies on floodplain vegetation, there is limited quantitative understanding of the role of vegetation (i.e., ET) on the SW-GW interactions (Alaghmand et al. 2013b) . It is also unclear how land clearance or revegetation affects the dynamic of flow and solute (Banks et al. 2011) . Moreover, most of the investigations in the context of SW-GW interactions consider 1D or 2D model set-ups. To establish a more realistic representation of the natural environment, 3D modelling is important. Some examples are the spatial distribution of salt accumulated in a floodplain/wetland, the impact of variable vegetation cover on SW-GW interactions and ET distribution, and the state of SW and GW connections along a river induced by ET, pumping, flooding, and other factors (Banks et al. 2011 ). Banks et al. (2011 studied the impacts of floodplain vegetation cover on the state of connection of SW and GW. They suggested that in addition to the well-known influences of physical variables, such as hydraulic conductivity and topography, the effects of vegetation need to be carefully considered when investigating SW-GW interactions. They recommended further work to be carried out in 3D to explore the effects of ET on river and floodplain interactions as function of vegetation cover. Most other modelling studies in this research area have only included water but not solute dynamics.
This study aims to explore the following hypothesis: can vegetation cover significantly influence the dynamics of flow and solute in the context of a river and a semi-arid saline floodplain interaction? This is tested in this study through the following three scenarios: current vegetation (mix of deep rooted and shallow rooted vegetation); coverage by only deep rooted vegetation types, such as Eucalyptus trees; and coverage by only shallow rooted vegetation types such as grass. The current vegetation scenario is considered as the base case scenario and is developed and calibrated using observed data. The other two scenarios are theoretically developed and compared with the base scenario. The impacts of vegetation cover on solute and water balances and the state of connection of SW-GW are investigated using a 3D fully-integrated numerical model.
Material and Methods
A total of three scenarios were defined to investigate the impacts of floodplain vegetation cover on a river and a saline semi-arid floodplain aquifer interaction. In fact, the defined scenarios are differentiated by modifying vegetation distribution and ET properties of each Leblanc et al. 2012) vegetation type (0.5 m root depth value is used for grass and 5 m root depth for Eucalyptus coverage). It is worth noting that floodplain groundwater at the study site is influenced by groundwater extraction through a series of production wells that form part of the Bookpurnong Salt Interception Scheme (SIS). These wells aim to alter hydraulic gradients and intercept the movement of saline groundwater from the highlands to the alluvium and the river. Two of the SIS production wells (32 F and 34 F) are located in the study site and are included in the model, as shown in Fig. 2. 
Governing Equations
The HydroGeoSphere (HGS) model provides a rigorous simulation capability that combines fully-integrated hydrologic/water quality/subsurface and transport capabilities with a welltested set of user interface tools (Therrien et al. 2010) . HGS requires pre-and post-processor tools in order to handle input preparation and visualization of the outputs. In this study, the Groundwater Modelling System (GMS) (AquaVeo 2011) was used as a pre-processor to generate the input grid domain and as a post-processor to visualize the model results.
ET is calculated as a combination of transpiration and evaporation. Transpiration from vegetation occurs within the root zone of the subsurface and is a function of the leaf area index (LAI), nodal water (moisture) content (θ) and a root distribution function (RDF) over a prescribed extinction depth (Alaghmand et al. 2013a ). Water content is simulated as saturation because it is more stable and always varies between 0 and 1, while in reality moisture content varies from 0 to a value equal to the porosity. The rate of transpiration (T p ) is estimated using the following relationships (Kristensen and Jensen 1975) :
where E p is the reference potential evapotranspiration which may be derived from pan measurements or computed from vegetation and climatic factors such as temperature and humidity, and E can is the tree canopy evaporation. E p can also be described as the amount of water that would be removed through ET if the water table was at the ground surface. The value and description of E p has followed the notation and conceptualization of Therrien et al. (2010) and Kristensen and Jensen (1975) . The vegetation function (f 1 ) correlates the transpiration (T p ) with the leaf area index (LAI) in a linear fashion and the moisture content (θ) function (f 2 ) correlates T p with the moisture state at the roots. The root zone distribution function (RDF) is defined by Eq 2:
where c1 and c2 are dimensionless fitting parameters, L r is the effective root length, z is the depth coordinate from the soil surface [L] and rF(z) is the root extraction function, which typically varies logarithmically with depth. Below the wilting point moisture content, transpiration is 0; transpiration then increases to a maximum at the field capacity moisture content. This maximum is maintained up to the oxic moisture content, beyond which the transpiration decreases to 0 at the anoxic moisture content. When available moisture is larger than the anoxic moisture content, the roots become inactive due to lack of aeration (Therrien et al. 2010 ).
In HGS, evaporation from the soil surface and subsurface soil layers is a function of nodal water content and an evaporation distribution function (EDF) over a prescribed extinction depth. The model assumes that evaporation (E s ) occurs along with transpiration, resulting from energy that penetrates the vegetation cover and is expressed as (Therrien et al. 2010) :
where α is a wetness factor which depends on the moisture content at the end of the energylimiting stage and below which evaporation is 0. For further details on the code the reader is referred to Therrien et al. (2010) .
Study Site
Clark's Floodplain is located on the Lower Murray River in South Australia (34°21′S, 140°37′E) (Fig. 2) . The climate in this region is semi-arid with mild winters and long hot summers. Annual potential evaporation (1900 mm) is over seven times the average annual rainfall (251 mm). Annual rainfall is highly variable, with Bureau of Meteorology records showing annual rainfall between 86.6 and 555.8 mm since 1963. Annual rainfall was average or below average over the study period (165.8 mm in 2006 and 223.8 mm in 2007). The Lower Murray River floodplain is characterised by a flat, wide, meandering river within a deep river valley, excised during the Pleistocene period (Twidale et al. 1978) . The hydrogeology of Clark's Floodplain is typical of the eastern part of the Lower Murray River (Jarwal et al. 1996) . In terms of soils, Coonambidgal Clay, ranging from 2 to 7 m thick, covers a Monoman Formation (sand) on the floodplain. Also, Upper Loxton Sand exists on the adjacent highland. Groundwater salinity in the Loxton Sands and Monoman Formation is in excess of 30,000 mg L −1
, while irrigation recharge salinity is typically 5,000 mg L −1 (Doble et al. 2006 ). Two SIS production wells are located in the study site. They pump the saline groundwater at a rate of 2-3 L/s (Fig. 2 ). These were in operation during the study period except for the period from November 2006 until May 2007 due to a fault in the disposal pipeline. Figure 2 shows the configuration of the nine groundwater observation wells at the study site. Six of these are located along two transects dissecting the floodplain laterally; B1, B2 and B3 on Transect A-A′ and B4, B5 and B6 on Transect B-B′. In addition, SIS observation wells (31 F, 33 F and 35 F) are located at the mid-point between the SIS production wells. The observation wells are designed to monitor both groundwater level and salinity. In addition, observed water levels and flows of the Murray River at the study site were obtained from the Lock 4 water level station just upstream of the study site, which has continuous data from 1927 (ID: A4260515) (WaterConnect 2012).
Numerical Model Set-Up
Available LiDAR data was used to generate the 10 m resolution Digital Elevation Model (DEM) of the study site. The three dimensional geometry grid of the study site consisted of 15 sub-layers including finer grids at the top of the model. The final geometric grid contained 104,408 nodes that formed 190,335 elements. A part of Clark's floodplain from the floodplain slope break to the Murray River main channel is included in the geometric grid. This included two SIS production wells (32 F and 34 F) and nine observation wells. In this case, the length of the river bank was 570 m and the distance from the river bank to the SIS well varied between 480 m and 650 m. The heterogeneous model domain consisted of three soil layers and was constructed according to drill log data. The 10 m thick Monoman Formation Sand was overlaid by spatially variable semi-confining heavy Coonambidgal Clay and also Upper Loxton Sand at the highland (Fig. 3b) . The properties of the soil and unsaturated van Table 1 ).
The initial model was a transient model set up for 10,000 days to create the equilibrium initial conditions for the study period (1/1/2006 to 1/09/2010). It used an initial time step of 0.1 days, a maximum time step of 1 day and a maximum time step multiplier of 1.25. The initial conditions of the model were determined numerically from a steady-state model run under current vegetation cover. The generated initial model was verified using the recorded groundwater heads and salinity at the beginning of the study period (January 2006), which were adopted from Berens et al. (2009) .
Boundary conditions were defined for both the surface and sub-surface domains (Fig. 3a) . A constant first type (Dirichlet) boundary condition was specified at the north-eastern part of the floodplain to represent the 12 m AHD (Australian Height Datum) groundwater head, which was adopted from AWE potentiometric contours (AWE 2013). In addition, at the river boundary of the model, a time-varying Dirichlet condition was specified which was based upon river level observations from downstream of Lock 4. Also, the observed groundwater concentration at the observation wells in the floodplain and river were characterized by the solute boundary conditions using first-type (Dirichlet) or constant concentration boundary conditions. The salinity for the floodplain groundwater was 30,000 mg L −1 (TDS) and river water 200 mg L −1 (TDS). Hence, constant values were applied at the porous media boundary (representing the regional saline aquifer) and at the river nodes. In addition, ET and rainfall were simulated for the entire model surface domain using the time-varying second-type (Neumann) boundary condition. In fact, ET was dynamically simulated as a combination of evaporation (Eq. 3) and transpiration (Eq. 1) processes by removing water from all model cells of the surface and subsurface flow domains within the defined zone of the evaporation and root extinction depths. To simulate the different vegetation covers, the transpiration process was manipulated by changing the root extinction depth and LAI. The daily reference potential evapotranspiration (E p ) rate (in Eqs. 
Model Calibration
Observed groundwater levels and salinity at the six observation wells were used as calibration criteria during coupled flow-and-transport calibration of the model. Calibration of the model was conducted manually with more consideration given to sensitive parameters such as soil hydraulic conductivity, porosity and transverse and longitudinal dispersivity. Two different approaches were used to calibrate the model in terms of flow and solute dynamics. The model performance for flow dynamics was tested both quantitatively and qualitatively. The former was performed using goodness-of-fit parameters which produced averages of 0.88 and 0.08 (m) for R 2 and RMSE, respectively. Also, visual comparison between the observed and simulated series of groundwater levels at the observation wells showed that the calibrated model was able to reproduce the SW-GW interaction processes in an acceptable manner. On the other hand, due to the difficulty associated with the quantification of the solute transport model parameters and lack of accurate estimations of the thickness, hydraulic conductivity and porosity of the aquifer, the solute dynamic was calibrated based on the observed concentration patterns. Hence, the modelled solute concentration distributions were compared visually to electromagnetic survey results reported by Berens et al. (2009) . For instance, the EM31 survey in November 2007 displays a distinct zone of low conductivity along the eastern margin abutting the river channel (Berens et al. 2009) . A detailed description of the calibration process can be found in Alaghmand et al. (2013a) .
Results and Discussion
To investigate the impacts of vegetation cover on the dynamics of flow and solute, three scenarios were defined and modelled. The dynamics of flow in the defined scenarios are discussed based on ET, evaporation, bank recharge (flux from the river to the floodplain aquifer) and GW heads. Figure 4 shows the total amount of water removed from the floodplain aquifer through ET and evaporation during the study period. The seasonal trends in both are obvious. However, among the simulated scenarios, the deep-rooted model shows the highest amount of ET. This is due to the deeper root depths and LAI values which were assigned for the deep-rooted model. Clearly, vegetation with deeper roots and higher canopies use larger amounts of water. Doble et al. (2006) suggested 180-360 mm/year for the eucalyptus (red gum) and 0-40 mm/year for the grassland in this area. The results show that ET is more pronounced during the summer period compared to winter, as both transpiration and evaporation occurs with higher rates in summer. Figure 4b shows the amount of water removed from the system only through evaporation (with no transpiration). Shallow-rooted floodplain vegetation shows increased losses via evaporation. Considering the assigned evaporation depth (1 m) and transpiration depth (0.5 m), most of the ET component in this scenario belongs to the evaporation process, as the groundwater depth was unlikely to be less than 0.5 m. Furthermore, in the shallow-rooted vegetation cover, the water table is shallower compared to the deeprooted vegetation. Hence, more groundwater is exposed to be evaporated. On the other hand, the deep-rooted model uptakes the groundwater via a transpiration process and consequently keeps groundwater levels below the evaporation depth (1 m). Therefore, Fig. 4b shows the lowest evaporation for this scenario. Figure 5 illustrates the impacts of floodplain vegetation cover on the water flow exchange between the river and the floodplain aquifer. This shows the cumulative bank recharge during the study period for the defined scenarios. In fact, it represents the amount of water moved from the river (surface domain) to the floodplain aquifer (sub-surface domain). As expected, more water moves to the floodplain aquifer from the river in the deep-rooted model. In other words, the floodplain aquifer with deep-rooted vegetation cover consumes more water through ET compared to that with shallow-rooted vegetation. Also, when a floodplain is covered with deep-rooted vegetation, a deeper water table is formed. Hence, this can form a hydraulic gradient from the river towards the floodplain aquifer or at least it can decrease the hydraulic gradient from the aquifer to the river. While, in the case of the shallow-rooted vegetation cover, there is a shallower water table which creates less cumulative bank recharge.
As discussed previously, the role of trees as groundwater pumps and their potential impacts on exchange fluxes between SW and GW is clear in the literature (Banks et al. 2011; Brunner et al. 2009; Butler et al. 2007; Loheide et al. 2005 ). However, this study was able to show this in a quantitative way, as it is shown here that ET can significantly influence the SW-GW interaction, for both water and solute. Banks et al. (2011) showed that deep-rooted vegetation (with high ET) has the potential to maintain a lower elevation of the water table in the floodplain aquifer. Figure 6 shows the dynamics of GW hydraulic heads along Transect B-B ′ (observation wells BO4, BO5 and BO6; Fig. 2 ) during the study period for the defined scenarios. It appears that floodplain vegetation cover changes did not produce any significant changes in GW heads around the river bank (observation well BO4). This may be due to good connectivity between the river and the floodplain aquifer. This is because of the relatively high hydraulic conductivity at the river bank. But at observation wells BO5 and BO6 the influence of vegetation cover on GW heads are significant. These impacts are consistent with the results in Fig. 4 , as more water use is expected in a deep-rooted covered floodplain. In fact, deep-rooted vegetation cover is able to maintain a lower water table compared to shallow-rooted vegetation cover. It is worth noting that in this investigation, the vegetation cover was not able to change the state of connection between the river and floodplain to any extent. This is because of a lack of a clogging layer between the river and the floodplain aquifer. In such a semi-arid floodplain where recharge from rainfall never happens (due to high evaporation rates compared to rainfall), the floodplain aquifer recharge is limited to the river via bank recharge or saline groundwater recharge from the highland aquifer or through agricultural drainage. Hence, any driver that influences the flow recharges to the system, eventually influences the solute dynamics of the system as well. In terms of solute dynamics, the amount of solute mass in the system at each time step is illustrated in Fig. 7 . As shown in Fig. 7 , the amount of solute in the system decreases during all scenarios. This is because of operation of the groundwater extraction via the SIS production wells during the study period. In fact, all the results of this study are influenced by groundwater extraction. When the SIS production wells were in operation the salt mass accumulation was decreasing. But, during the SIS shutdown period, a slight increase in solute mass accumulation can be observed in Fig. 7 . However, the shallow-rooted vegetation cover model shows relatively more solute mass in the system. This is clearly due to the raised water table, which increases saline groundwater recharge from the saline high land aquifer. According to the results of this study, a floodplain with deep-rooted vegetation forms a less saline floodplain aquifer. In other words, for each time step, less solute accumulates in the system. To support this, Fig. 8 shows the cumulative solute mass stored in the system during the study period for the defined scenarios. Clearly, vegetation cover with deeper roots is able to comparatively mitigate solute accumulation in the floodplain aquifer by keeping the saline groundwater table relatively lower compared to shallow rooted vegetation. 
Conclusions
The potential impacts of vegetation cover on the interaction of a river and a saline semi-arid floodplain aquifer has been investigated quantitatively. To this end, a three-dimensional physically-based fully integrated numerical model was developed and calibrated. Clark's Floodplain located on the Lower Murray River in South Australia was selected as the study site. This site was influenced by GW extraction from a Salt Interception Scheme. The results of numerical modelling of three defined scenarios showed that deep-rooted vegetation cover may maintain a deeper water table. This is because more water is removed from the system through ET. Deep-rooted vegetation has deeper root depths and higher LAI, resulting in more water uptake compared to shallow-rooted vegetation. In fact, the main component of the groundwater ET belongs to a transpiration process as the groundwater level is maintained below the evaporation depth in the deep-rooted scenario. However, shallow-rooted vegetation cover led to higher evaporation rates because a shallower water table makes more water available for evaporation from the soil. Furthermore, in terms of solute dynamics, due to increased GW recharge and raised water tables, shallow-rooted vegetation formed a relatively more saline floodplain aquifer. In this case study, vegetation cover did not influence the river-floodplain connectivity due to the lack of a clogging layer at the river bank. Overall, vegetation cover type can have significant impacts on the flow and solute dynamics of interactions between a river and a floodplain aquifer in a semi-arid area, because ET is one of the dominant hydrological drivers.
